Intraductal papillary mucinous neoplasms (IPMNs) are precursors to pancreatic cancer; however, little is known about genetic heterogeneity in these lesions. The objective of this study was to characterize genetic heterogeneity in IPMNs at the single-cell level. We isolated single cells from fresh tissue from ten IPMNs, followed by whole genome amplification and targeted next-generation sequencing of pancreatic driver genes. We then determined single-cell genotypes using a novel multi-sample mutation calling algorithm. Our analyses revealed that different mutations in the same driver gene frequently occur in the same IPMN. Two IPMNs had multiple mutations in the initiating driver gene KRAS that occurred in unique tumor clones, suggesting the possibility of polyclonal origin or an unidentified initiating event preceding this critical mutation. Multiple mutations in later-occurring driver genes were also common and were frequently localized to unique tumor clones, raising the possibility of convergent evolution of these genetic events in pancreatic tumorigenesis. Single-cell sequencing of IPMNs demonstrated genetic heterogeneity with respect to early and late occurring driver gene mutations, suggesting a more complex pattern of tumor evolution than previously appreciated in these lesions.
Introduction
Pancreatic cancer is a deadly disease with a dismal prognosis, predicted to be the second leading cause of cancer death in the United States before 2030 [1] . However, pancreatic cancer arises through non-invasive precursor lesions that are curable if detected early enough, representing a critical target for early detection approaches. Although the majority of pancreatic ductal adenocarcinomas (PDACs) are thought to arise from microscopic pancreatic intraepithelial neoplasia (PanIN), a significant minority arise through large cystic precursors, most commonly intraductal papillary mucinous neoplasms (IPMNs) [2] . Because of their size and resultant earlier diagnosis, IPMNs represent an ideal system in which to study the biology and genetics of pancreatic cancer precursor lesions.
IPMNs are mucin-producing epithelial neoplasms in the pancreatic duct system and are distinguished from PanINs based on their size. IPMNs can be classified based on anatomic location and histologic subtype, but perhaps the most important classification is based on grade of dysplasia: IPMNs are classified into low-grade and high-grade dysplasia based on the degree of architectural and cytological atypia [2] . Multifocal IPMNs are common, and recent data show that the majority of these are independent neoplasms, highlighting 348 Y Kuboki, CG Fischer, V Beleva Guthrie et al the importance of multifocal neoplasia in the pancreas [3] .
Decades of cancer research have demonstrated that cancer is a genetic disease caused by the accumulation of somatic mutations in oncogenes and tumor suppressor genes. Previous studies identified six crucial driver genes in pancreatic ductal neoplasia: KRAS, CDKN2A, TP53, and SMAD4, shared in PDACs and IPMNs, as well as GNAS and RNF43 in the IPMN pathway specifically [4] . In IPMNs, previous studies have demonstrated that KRAS and GNAS are likely to be the earliest genetic alterations, while mutations in the remaining genes occur at later stages of tumor progression [4] . Intratumor genetic heterogeneity of somatic mutations has been reported in a number of cancer types [5] . In contrast, recent studies have demonstrated remarkable homogeneity in driver gene alterations in advanced pancreatic cancers, suggesting that intratumor genetic heterogeneity (at least with respect to driver genes) is not a key factor in the later evolution of pancreatic cancer [6] . However, few studies to date have examined genetic heterogeneity in precursor lesions, and fewer still have focused on precursor lesions in the pancreas. Wu et al assayed somatic mutations in fluid aspirated from IPMNs; they demonstrated that 13% of the IPMNs contained multiple KRAS mutations and 4% had two different GNAS mutations [7] . This result raises the possibility of a polyclonal origin in a subset of IPMNs, in which an IPMN represents two independent clones that do not share a recent common progenitor. However, analysis of DNA shed into cyst fluid does not allow genotypes to be assigned to specific regions or cells in the IPMNs. Kanda et al also found that a small percentage of PanINs also have multiple KRAS mutations [8] , demonstrating that this genetic heterogeneity is a common feature of pancreatic precursor lesions. A deeper understanding of genetic heterogeneity in precursor lesions will provide insights into the earliest stages of neoplastic evolution in the pancreas, allowing perspectives not possible from the study of advanced cancers.
Computational modeling has previously been applied to infer the clonal composition of tumors, based on variant allele frequency and copy number from next-generation sequencing of bulk tumor samples [9] . However, single-cell sequencing resolves individual cellular genotypes and definitively assigns mutations to each clone, providing a more complete understanding of intratumor genetic heterogeneity. Multiple recent studies have reported reliable single-cell sequencing of human cancer specimens [10] [11] [12] [13] . However, to our knowledge, the genotypes of individual cells in pancreatic precursor lesions have yet to be examined. In this study, we assess genetic heterogeneity in IPMNs by identifying somatic mutations in single neoplastic cells from fresh IPMN tissue from surgical resections, providing new insights into the clonal structure of these pancreatic cancer precursor lesions.
Materials and methods
This study was approved by the Institutional Review Board at The Johns Hopkins Hospital. We obtained fresh neoplastic tissue from ten surgically resected IPMNs. Fragments of cyst wall from one to four different regions of each IPMN were minced, digested, and filtered to make a single-cell suspension. Single cells were then isolated into individual wells of a 96-well plate by fluorescence-activated cell sorting (FACS) on a MoFlo Legacy cell sorter (Beckman Coulter, Inc, Miami, FL, USA). We selected epithelial cells through labeling with an anti-EpCam antibody (ab112068, 1.5 μg/ml; Abcam, Cambridge, UK), and we selected live cells through exclusion of cells labeling with propidium iodide (PI) (P4864, 1 μg/ml; Sigma-Aldrich, St Louis, MO, USA). In addition, as first reported by Wang et al [10] , we specifically selected cells that had replicated their DNA to improve the efficiency of the subsequent whole genome amplification (WGA) -this was accomplished with DyeCycle Violet (V35003, 5 μM; Life Technologies, Carlsbad, CA, USA) staining and selection of cells in the G2/M phase. The gating scheme for single-cell sorting is shown in the supplementary material, Figure S1 . DNA from each single cell was then separately amplified by multiple displacement amplification (MDA) using isothermal random priming and extension with ϕ29 polymerase with the REPLI-g Single Cell kit (Qiagen, Hilden, North Rhine-Westphalia, Germany) -this WGA approach leads to a higher coverage and a lower error rate compared with other amplification approaches [14, 15] . Amplified DNA was quantified by qPCR, and amplification quality was estimated by multiplex PCR for ten separate genomic loci -only cells with successful amplification of eight out of ten loci were used for next-generation sequencing (supplementary material, Tables S1 and S2) [11, 16, 17] . DNA from each passing single cell was then analyzed by targeted next-generation sequencing on the IonTorrent PGM (Life Technologies) following library preparation with a custom AmpliSeq panel incorporating the hotspot or coding regions of 11 key pancreatic driver genes (ARID1A, BRAF, CDKN2A, GNAS, KRAS, MAP2K4, PIK3CA, RNF43, SMAD4, TGFBR2, TP53), as well as the locations of nearby SNPs with high minor allele frequency. Technical controls were processed using the same cell sorting and amplification pipeline, followed by targeted next-generation sequencing using the Ion AmpliSeq Cancer Hotspot Panel v2 (Pa01 cell line) (Life Technologies) or our Ion AmpliSeq custom panel of pancreatic drivers described above (normal cells, intraductal oncocytic papillary neoplasm).
We implemented a novel multi-sample somatic mutation calling pipeline that leveraged information from multiple single cells and bulk sequencing and reduced errors due to amplification bias, requiring the combination of several existing tools and the development of a new clustering and imputation algorithm to refine [18] [19] [20] to all samples from each case, followed by detailed inspection of the sequencing reads aligned to each site in each sample. Initial variant calls in all samples were made by GATK's HaplotypeCaller (HC) (Broad Institute, Cambridge, MA, USA) with default parameters [19] . For each IPMN, alternate read count and VAF estimation at all sites where HC detected a variant in any sample was carried out with the mpileup tool independently for each single-cell sample (supplementary material, Table S3 ). In each single-cell sample, each variant site was classified as either harboring a somatic mutation (IPMN VAF ≥ 5% and alternate read count ≥ 5, and normal bulk VAF < 2% and alternate read count < 4, provided that normal bulk coverage was greater than or equal to 100×), consistent with reference (coverage ≥ 100 and VAF < 0.2% and alternate read count < 2), or indeterminate. We then applied an iterative single-cell genotype clustering algorithm using minimum distance linkage to impute the status of indeterminate mutations [21] . The in-house iterative imputation algorithm that was used to reclassify indeterminate sites leveraged information from multiple samples from the same IPMN (supplementary material, Figure S4 ). In addition to the coding regions of 11 pancreatic cancer driver genes, our targeted next-generation sequencing panel included nearby SNPs with high minor allele frequency, thus likely to be heterozygous in the germline in a large proportion of patients. After determining the germline status of each SNP in the patient's normal DNA, we removed single cells with fewer than 51% heterozygous SNPs correctly called as heterozygous (supplementary material, Tables S4 and S5 ). The 51% threshold was determined by standard box-plot techniques (supplementary material, Supplementary materials and methods and Figure S5 ) [22] . The average allelic dropout (ADO) rate across all single cells was 13% after outlier removal. This process excluded samples with incomplete or inefficient WGA. In addition, cells with no somatic mutations were also excluded, as they likely represented contaminating non-neoplastic cells (supplementary material, Table S1 ).
Results

Clinicopathological data
Clinicopathological data of the ten cases are summarized in Table 1 . All patients had a histologically confirmed diagnosis of IPMN. Of the ten IPMNs analyzed, seven cases were non-invasive (three with low-grade dysplasia and four with high-grade dysplasia), while three had adjacent invasive carcinomas (two invasive ductal adenocarcinomas and one invasive colloid carcinoma). The IPMNs were classified as gastric (seven cases), intestinal (two cases), and oncocytic (one case) histological subtypes.
Technical validation of single-cell sequencing pipeline
In order to validate our single-cell pipeline, we used three technical controls to calculate the false-positive rate (FPR) (supplementary material, Supplementary materials and methods). In brief, we first performed single-cell sorting followed by whole genome amplification and targeted next-generation sequencing of the pancreatic cancer cell line Pa01 [23] . Because a normal tissue control was not available for this cell line, we designated all mutations called in the bulk samples as true positives, while any mutation present in the single cells but not the bulk was a false positive -this resulted in a FPR of 2.5 × 10 −5 false positives per base pair sequenced. The use of a cell line for technical control has the advantage of genetic homogeneity; however, it does not account for potential errors induced by tissue processing steps. As such, we included two additional technical controls derived from resected human pancreatic samples. First, we isolated single cells from tissue samples from pancreata with pancreatic ductal adenocarcinoma. Due to the low neoplastic cellularity of these tumors, a significant proportion of the isolated cells were derived from normal epithelium. As such, after whole genome amplification and single-cell sequencing, we identified single cells that lacked all somatic mutations present in the bulk sample -we deduced that such cells are contaminating normal epithelial cells. We then used the mutations called in these cells to calculate an independent FPR of 3.0 × 10 −5 false positives per base pair sequenced. Finally, we used the data from the single cells from an intraductal oncocytic papillary neoplasm (IOPN) to calculate another independent FPR of 3.1 × 10 −5 false positives per base pair sequenced. Because IOPNs lack mutations in previously characterized pancreatic driver genes, all mutations called in this lesion in our targeted panel were false positives. Importantly, the FPR is consistent across these three independent technical controls, suggesting that it is protocol-specific and does not vary substantially between different experimental samples. Moreover, the same false-positive mutation was not called in multiple single cells in any of the technical controls, highlighting that the mutations identified in our experimental samples are unlikely to be technical artifacts (supplementary material, Table S6 ). 
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Early driver gene mutations
Of the ten IPMNs analyzed, nine harbored KRAS and/or GNAS mutations (Table 1) . We identified two IPMNs with genetic heterogeneity with respect to these early driver gene mutations. One case (IP27) was diagnosed as an IPMN with high-grade dysplasia -two pieces of the cyst lining were harvested from the same grossly-evident cyst. Two different distinct KRAS mutations were identified in this neoplasm ( Figure 1A ). The majority of cells that harbored a GNAS p.R201H mutation also had a KRAS p.G12D mutation. Three cells lacked both the GNAS p.R201H and the KRAS p.G12D mutations but had a different mutation in KRAS (p.G12R). These data suggest that this neoplasm could have originated from two independent clones, each with unique mutations in early driver genes and without any shared genetic alterations. In the second IPMN (IP16), there were two adjacent grossly-evident cysts (samples A and B) as well as a distinct firm area (sample C). Histologic examination revealed IPMN with high-grade dysplasia that was microscopically contiguous between the two cysts (suggesting that they likely represented the same IPMN) and infiltrating ductal adenocarcinoma in the firm area. Two different clones with unique KRAS mutations were identified in the cysts -a clone with KRAS p.G12D was identified in both IPMN samples, while a clone with KRAS p.G12V was limited to a single IPMN sample. A mutation in TP53 (p.R175H) occurred in a subset of cells with KRAS p.G12D. In contrast, the invasive cancer harbored a different KRAS mutation (p.G12R) as well as a unique TP53 mutation (p.C229*) ( Figure 1B) . These results suggest two independent clones within the IPMNs, as well as a genetically distinct invasive adenocarcinoma, all in a relatively small area of this patient's pancreas.
In the other seven cases, shared KRAS and/or GNAS mutations were present in the vast majority of neoplastic cells analyzed, suggesting that these were clonal mutations. , while a small subclone lacks these mutations and instead has p.G12R in KRAS. IP16 (B) represents a gastric-type IPMN (sections A and B) with an adjacent ductal adenocarcinoma (section C). In this case, the IPMN contained two unique and mutually exclusive KRAS mutations, while the cancer had a third KRAS mutation as well as a unique mutation in TP53.
harbored six different RNF43 mutations, including three frameshift insertion/deletion mutations, two missense mutations, and one binucleotide substitution. The binucleotide substitution (p.VD299VY) occurred in the same clone as one missense mutation (p.G166V), suggesting biallelic RNF43 alteration in this clone. The remaining RNF43 mutations were mutually exclusive, suggesting the presence of five separate clones with unique alterations in RNF43 (Figure 2A) . In another IPMN with high-grade dysplasia (IP24), we identified three RNF43 mutations, each present in different single-cell populations: p.A11Lfs occurred in three single cells from section A, while p.G207D occurred in a single cell from section B, and p.T28I occurred in one single cell from each tissue section ( Figure 2B ). In the third RNF43-mutant neoplasm (IP10), which was diagnosed as colloid carcinoma, the RNF43 mutation (p.L12Dfs) occurred with mutations in GNAS (p.R201C) and CDKN2A (p.G55Afs) in all cells analyzed from this IPMN (supplementary material, Figure  S6 ). However, we analyzed very few single cells in this case and thus cannot confidently determine the clonality of these mutations.
We also identified an IPMN with low-grade dysplasia (IP12) that harbored three different inactivating ARID1A mutations in addition to a clonal KRAS mutation ( Figure 3A) . One mutation (p.A826Efs) occurred in 83% of single cells. The other two ARID1A mutations (p.P570Lfs and p.E1786Gfs) were mutually exclusive, occurring in 25% and 13% of single cells, respectively, and were only present in cells with the first ARID1A alteration. Three other IPMNs -IP16, IP27 (Figure 1) , and IP08 ( Figure 3B ) -also had subclonal ARID1A mutations, each present in only two to three single cells.
Mutations in other frequently altered driver genes in pancreatic ductal neoplasia occurred uncommonly in our cohort. Two IPMNs (IP08 and IP10) had clonal mutations in CDKN2A, while IP22 had a subclonal mutation in this gene. Although our cohort included four cases of IPMN with high-grade dysplasia and three cases of IPMN with associated adenocarcinoma, we identified TP53 mutations in only one patient -unique TP53 mutations were identified in IPMN and adjacent carcinoma in IP16. In addition, we only identified single mutations in SMAD4 and in TGFBR2. Intriguingly, the SMAD4 mutation co-occurred with an RNF43 mutation in a subclone of IP22, which had only low-grade dysplasia, while the TGFBR2 mutation occurred in the component IP16 with high-grade dysplasia.
Of note, in the single case of intraductal oncocytic papillary neoplasm (IOPN) (IP20), we did not identify any mutations in the genes in our panel, consistent with recent reports that these neoplasms are genetically distinct from other subtypes of IPMN [24] .
Discussion
In this study, we provide the first single-cell genetic analysis of precursor lesions to invasive pancreatic cancer. In addition to demonstrating the feasibility of this type of analysis, these results provide insights into the genetic heterogeneity of early pancreatic tumorigenesis.
The majority of the IPMNs (seven of ten) had KRAS and/or GNAS mutations that were shared by the vast majority of analyzed cells. As the proportion of wild-type cells was similar to our ADO rate, the data suggest that these mutations are clonal in these IPMNs; that is, present in every neoplastic cell. In two of the ten IPMNs, we identified multiple clones with distinct KRAS mutations, suggesting the presence of independent neoplasms or neoplasms in which the shared genetic alteration does not occur in any of the known driver genes. In one IPMN (case IP16), the clone in the invasive carcinoma was genetically distinct from the two clones in the IPMN, consistent with an IPMN with concomitant rather than associated invasive adenocarcinoma [25] . The IPMNs in both IP16 and IP27 had multiple KRAS mutations within the same grossly defined IPMN. In these cases, the two clones were not spatially separated but instead were identified in the same small tissue fragment harvested from the wall of the IPMN. These data could suggest that these IPMNs were polyclonal, made up of multiple clones without a shared truncal genetic alteration. Although multiple KRAS mutations have been described in cyst fluid from IPMNs, this is the first report of single-cell genotypes demonstrating this possible polyclonality. An alternative interpretation of these data is that these IPMNs were monoclonal but initiated by an unidentified alteration prior to the development of KRAS mutations. The existence of such an earlier initiating alteration in pancreatic tumorigenesis has not yet been described.
The results of these studies also provide insight into the timing of driver gene mutations in pancreatic tumorigenesis. Like previous studies, our data suggest that mutations in KRAS and GNAS occur very early, as they are clonal in the majority of neoplasms in our study. In the IPMNs in which mutations in these genes were subclonal, there were no clonal mutations in other driver genes, suggesting that KRAS and GNAS are the earliest known driver genes in the pancreas. In contrast, mutations in RNF43 and ARID1A are clearly subclonal in a subset of IPMNs, indicating that these mutations occur after the clonal KRAS or GNAS mutations. The persistence of cells without mutations in these genes highlights the heterogeneous clonal composition of IPMNs, perhaps suggesting that these driver gene mutations only provide slight selective advantage to certain cells within the tumor microenvironment. Of note, rare single cells (such as C_10 in IP10 and B_29 in IP24) lack mutations in KRAS and GNAS but have mutations in other driver genes. We interpret the lack of KRAS/GNAS mutations as a false-negative result due to allelic dropout, a known artifact in single-cell sequencing data due to limited starting material. However, we cannot exclude that the identified genotypes are accurate, raising the possibility of a different sequence of driver gene mutations in a subset of cases.
In addition to mixtures of wild-type and mutant cells, our data also demonstrate that a subset of IPMNs consist of mixtures of neoplastic cells with different mutations in the same driver gene. In addition to clonal KRAS and GNAS mutations, IP22 also has five different clones, each with unique mutations in RNF43. Similarly, IP24 has three unique mutually exclusive RNF43 mutations. In contrast, IP12 has three different ARID1A mutations, two of which occurred as mutually exclusive second hits in small subclones of cells with the first ARID1A mutation. These IPMNs provide snapshots of the acquisition of tumor suppressor gene mutations in precursor lesions, suggesting a more complicated process than the sequential acquisition of two 'hits'. Moreover, they suggest the presence of convergent evolution in at least a subset of IPMNs, in which mutations in a specific driver are strongly selected at a certain time point in tumorigenesis, resulting in multiple clones independently 354 Y Kuboki, CG Fischer, V Beleva Guthrie et al acquiring unique mutations in the selected gene. The identification of somatic mutations in ARID1A in IPMNs is also novel -although somatic mutations in this well-characterized tumor suppressor gene have been previously reported in PDAC, this is the first report of frequent ARID1A alterations in IPMNs [26] .
A few technical considerations in our study are important to note. First, like Wang et al, we specifically isolated cells with replicated DNA (G2/M cells) in order to provide more template and thus improve the efficiency of our single-cell whole genome amplification [10] . Although this approach improves the technical success of our assay, selection of this subset does bias our analysis to proliferating cells. Even with this caveat, our data show that these cells represent a broad spectrum of clones with varying driver gene mutations. Comparison of mutation calls from the bulk and single-cell analyses also provides important insights into the utility of detailed single-cell analysis. Some of the subclonal mutations in RNF43 in IP22 and IP24 were absent from the bulk sequencing data for the respective tissue fragments, despite sequencing at an average coverage of almost 700× in bulk samples. Although our data suggest that single-cell sequencing has an increased sensitivity to detect rare clones, it is possible that ultra-deep sequencing (> 1000×) of bulk tissue could achieve a similar sensitivity. Still, an ultra-deep bulk approach cannot assign rare mutations with similar frequency to specific clones, which is the true strength of single-cell analyses. There was also a mutation that was identified in a bulk sample but not in any single cells from that section (p.V31Dfs in RNF43 in section A of IP22). This mutation had a very low variant allele frequency in the bulk sample, suggesting that the number of single cells analyzed was likely not adequate to identify the rare cells with this mutation; such sensitivity issues will decrease as technical improvements allow the analysis of larger numbers of single cells per sample. Overall, these findings highlight the strength of paired single-cell and bulk analysis of tissue samples, as the approaches are complementary. Finally, our data highlight the importance of assays to evaluate the quality of single-cell DNA amplification. Through our two-step filtering procedure (multiplex PCR, analysis of heterozygous germline SNPs), we restricted our analyses to only the most robustly amplified cells. Although this filtering excluded a significant proportion of the initially sorted cells (57%), it provides confidence in the quality of the data that passed these rigorous filters. In particular, we report a low ADO of 13% in analyzed cells, likely due to our analysis of only the most robustly amplified cells. Moreover, our FPR is consistent with those reported in other single-cell studies, and none of our control samples had false-positive mutations that occurred in more than one single cell. This strongly suggests that even the rare subclones identified in our samples are unlikely to be artifacts caused by the extensive amplification required for single-cell sequencing.
Single-cell mutation calling remains an active research area in computational genomics, and the pipeline developed for this data set is novel. We found that currently available protocols to call mutations were not sufficiently optimized to take advantage of our sequencing data, which included IPMN single-cell samples, IPMN bulk samples, and matched normal bulk samples for each case in our study. The analysis pipeline developed in this work combines a standard variant caller designed for high specificity in bulk tissues and enhancements to handle single-cell amplification bias and increase caller sensitivity through multi-sample information pooling. The final set of mutation calls were a product of multiple tools and empirically selected thresholds; slight variations of these thresholds yielded stable results. We also utilized imputation to infer the genotypes of cells for which sequencing data were indeterminate. Of note, imputation was not used in our study to identify new mutations but only to resolve indeterminate calls of mutations that had already been convincingly identified in other cells. Thus, this algorithm could only change the proportion of cells within an IPMN with a particular mutation.
Overall, our data provide the first insights into genetic heterogeneity of pancreatic cancer precursors at the single-cell level. Because our study encompassed a limited sample size of ten IPMNs, it is not possible to definitively determine the prevalence of this heterogeneity in patients with IPMN. Analysis of more cells and more lesions will be required to systematically catalogue this genetic heterogeneity and to correlate it with clinical features, such as grade of dysplasia and risk of malignant progression. Moreover, most of the IPMNs analyzed in our study were gastric type, so our study provides limited insights into heterogeneity in other IPMN subtypes -inclusive cohorts with broad representation of all histological subtypes will be critical in future studies to comprehensively describe the nature and extent of this single-cell genetic heterogeneity in IPMNs. Still, our studies suggest complex patterns of clonal evolution in pre-invasive lesions. In addition, more extensive sequencing (such as whole-exome sequencing) and identification of different types of alterations (such as copy number changes) will provide a more complete picture of clonal evolution in IPMNs, but our driver-focused approach provides key insights into the heterogeneity of alterations that drive pancreatic tumorigenesis. Genetic heterogeneity with respect to these driver genes is most likely to have functional consequences in the heterogeneous clones and thus is likely to have biological importance, providing novel insights into pancreatic tumorigenesis.
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